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Abstract-The tectono-metamorphic evolution of the Alpujarride Complex within the internal zones of the 
Gibraltar Arc indicates that the Alboran Crustal Domain underwent several contractional and extensional events. 
The superposition of structures and the metamorphic evolution observed in the Alpujarride Complex, and in 
particular in the Adra unit, suggest that these events are as follows: (a) the first thickening event (0,) results from 
continental subduction, and is evidenced by the presence of pre-S2 high-pressure mineral relicts; (b) the thinning 
and associated vertical shortening event (02) is indicated by an almost isothermal decompression during which the 
& main foliation developed; (c) kilometric-scale N-vergent recumbent folds of the condensed metamorphic 
sequences, and thrust and nappe-forming in the Alpujarride Complex, suggest that a second thickening event (03) 
took place; (d) the second thinning event (04), which affects the whole Alboran Domain, is evidenced by extensional 
fault systems resulting in the opening of the Alboran Sea. The oldest synrift deposits are of the Late Oligocene and 
Early Miocene, suggesting that D, to D3 events are pre-Miocene; and (e) from the Late Tortonian to the Pliocene, 
the extensional systems were folded due to a continuous N-S to NW-SE compression. 0 1997 Elsevier Science Ltd. 

INTRODUCTION 

Recent studies have shown that extension plays a major 
role in the later stages of orogen evolution, especially 
during the extensional collapse of orogens (Dewey, 
1988). Nowadays, extension contemporaneous with and 
subparallel to shortening in collisional mountain belts is 
well documented in very different tectonic settings such as 
the Himalayas (Burchfiel et al., 1992) and the Alps 
(Selverstone, 1988; Seward and Mancktelow, 1994), as 
well as in the peri-Mediterranean Alpine erogenic belt of 
southern Europe, in particular in its westernmost part, 
the Betic-Rif Cordillera (Platt and Vissers, 1989). 
According to recent revisions, the boundaries between 
the main tectonic units belonging to the internal zone of 
the Betics-that is, the Alboran Domain, made up from 
bottom to top by the Nevado-Filabride, Alpujarride and 
Malaguide complexes (Fig. I)-are extensional contacts. 
Consequently, it is now generally accepted that the 
‘nappes’ of classical studies, such as those by Westerveld 
(1929), Fallot (1948) or Egeler and Simon (1969), are in 
fact extensional units. Moreover, recent studies show 
that after the crustal thickening recorded by mineral 
assemblages of high-pressure-low-temperature meta- 
morphism in the Nevado-Filabride and Alpujarride 
complexes (Nijhuis, 1964; Goff& et al., 1989), the Alboran 
Domain was affected by a Miocene rifting, contempora- 
neous with the formation of the Gibraltar Arc (e.g. 
Garcia-DueAas et al., 1992). 

The data presented in this paper describe in detail the 
tectonic and metamorphic evolution of the uppermost 
unit of the Alpujarride Complex in the central Betics 
(Adra unit), located south of Sierra Nevada (Figs 1 & 2). 
Our data indicate that between the aforementioned high- 
pressure event and the Miocene extensional event (rifting 

event), two pre-Miocene events must have taken place: a 
regional thinning evidenced by an almost isothermal 
pressure decrease during which the main foliation 
developed, and a subsequent kilometric-scale recumbent 
folding associated with thrusting and nappe forming. The 
present study suggests, in addition, that the alternation of 
compressional and extensional events established within 
a single Alpujarride unit is, in fact, a characteristic 
feature of the evolution of the entire Alpujarride 
Complex south of Sierra Nevada. 

GEOLOGICAL SETTING 

The Betic and Rif mountain chains, respectively north 
and south of the Alboran Sea, form an arc-shaped 
mountain belt around the Straits of Gibraltar. Various 
pre-Miocene tectonic domains can be differentiated 
within the arc (Fig. 1). 

(1) The South Iberian and Maghrebian palaeo- 
margins, belonging to the southern part of the Iberian 
plate and the northern part of the African plate, respec- 
tively. These palaeomargins consist of autochthonous, 
parautochthonous and/or allochthonous non-meta- 
morphic Mesozoic and Tertiary cover overlying a 
Hercynian basement. 

(2) The Flysch Trough, a deep basin with attenuated 
crust filled by Cretaceous to Miocene sediments (Biju- 
Duval et al., 1978; Durand-Delga, 1980; Dercourt et al., 
1986). 

(3) The Alboran Crustal Domain (Balanyi and 
Garcia-Dueiias, 198S), consisting mainly of three nappe 
complexes of variable metamorphic grade which are, 
from bottom to top, the Nevado-Filabride, the 
Alpujarride and the Malaguide complexes (Fig. 1). 
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Fig. 1. Tectonic map of the Betic Chain 

The Alpine tectono-metamorphic evolution of the 
Alboran Domain differs from one complex to the next. 
The Malaguide Complex retains Hercynian erogenic 
features (very low-grade metamorphism, Chalouan and 
Michard, 1990) and its Mesozoic to Palaeogene cover 
is anchi- or unmetamorphosed. By contrast, a high- 
pressureelow-temperature metamorphic event, origi- 
nated during an early crustal stacking, is observed in the 
Alpujarride Complex (e.g. Gaffe et al., 1989; Tubia and 
Gil-Ibarguchi, 1991; Azafion et al., 1994; Garcia-Casco 
and Torres-Roldin, 1996 and references herein) and in 
the upper tectonic unit of the Nevado-Filabride Complex 
(Bakker et al., 1989 and references herein). In both 
complexes, this high-pressure event is followed by an 
almost isothermal pressure decrease, which has been 
associated with ductile regional thinning in the western 
Alpujarride Complex, as it brought the zones of the 
previous prograde metamorphism closer (Balanyi et al., 
1993). Even before the Miocene, a second contractional 
event led to the N-vergent folding of the thinned 
metamorphic sequences (Avidad and Garcia-Duefias, 
1981; Balanya et al., 1987; Simancas and Campos, 1993; 
Azaiion and Alonso-Chaves, 1996) and the overthrusting 
of medium- and high-grade metamorphic rocks onto 
lower-grade rocks (Aldaya et al., 1979; Tubia et al., 1992; 
Azafion et al., 1994) thus constituting the second nappe- 
forming event. 

In the Early Miocene, the compressive front of the 
Gibraltar thrust, which represents the outer limit of the 

Alboran Domain, began to migrate outward through its 
footwall into the Flysch Trough, leading to the formation 
of an imbricate thrust stack of Flysch Trough cover, 
which collided with the South Iberian and Maghrebian 
palaeomargins (Balanya and Garcia-Dueiias, 1988). At 
the same time (Early and Middle Miocene), rifting and 
crustal extension affected the whole Alboran Domain 
(Garcia-Dueiias et al., 1992). Extensional denudation 
processes consisting of successive episodes with different 
extensional directions resulted in the opening of the 
Alboran Sea (Platt and Vissers, 1989; Comas et al., 
1992). The oldest synrift deposits are Late Oligocene and 
Early Miocene in age (Bourgois, 1978; Jurado and 
Comas, 1992; Durand-Delga et al., 1993). Thus, the 
present-day Alboran Domain units are extensional 
tectonic units, bounded by brittle shear zones in the 
central Betics (Garcia-Duenas et al., 1986, 1992; Garcia- 
Duefias and Martinez-Martinez, 1988; Galindo-Zaldivar 
et al., 1989; Alonso-Chaves et al., 1993; Crespo-Blanc et 

al., 1994; Crespo-Blanc, 1995) and, in the western Betics, 
by ductile and brittle boundaries (Garcia-Duefias and 
Balanya, 1991; Sanchez-Gomez rt al., 1995) that over- 
print the previous thrusts. Finally, from Late Tortonian 
to Pliocene, the Alboran region underwent continuous 
N-S to NW-SE compression, and the extensional 
systems were folded (mainly open kilometric-scale 
E-W-striking folds) and faulted (Weijermars et al., 1985; 
Comas et al., 1992; Garcia-Duefias et al., 1992; Rodri- 
guez-Fernandez and Martin-Penela, 1993). 
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Fig. 2. Tectonic map of the central Betics. Names of units according to Azafion et al. (1994). L, Lujar-Gador; E, Escalate; H, 
Herradura; S, Salobrena; A, Adra. Table: Distinctive Alpine metamorphic assemblages and ranges of P-Tconditions during 
the high-pressure-low-temperature metamorphic event, as recorded in the uppermost levels of the metapelitic sequence 
(Permo-Triassic?). Cross-sections illustrate the superpositions of crustal slabs of different metamorphic conditions, strongly 
reorganized during the Miocene rifting of the Alboran Domain. Open and solid circles: motion away from and towards the 

observer, respectively. For abbreviations of minerals see Fig. 8. 

This geological setting, drawn from a composite of THE ALPUJARRIDE COMPLEX IN THE 
data collected by many geologists working in different CENTRAL BETICS: A NAPPE STACK 
areas of the Betics, is in itself suggestive of an evolution STRONGLY THINNED DURING THE MIOCENE 
comprising alternating compressional and extensional 
events. It must be stressed, however, that the present On the basis of their present position and metamorphic 
paper deals with a single Alpujarride unit that actually records, with particular emphasis on the distribution of 
registers eclch one of these events. the HP-LT mineral assemblages related with the earliest 
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nappe-stacking event, Azafion et al. (1994) defined five 
main types of Alpujarride allochthonous sheets in the 
central Betics: from bottom to top, the Lfijar-Gador, 
Escalate, Herradura, Salobrefia and Adra sheets. The 
tectono-metamorphic evolution of these sheets is similar, 
although they formed under different P-T conditions. 
The range of P-T conditions during the earliest high- 
pressure-low-temperature metamorphic event, recorded 
in the uppermost levels of the metapelitic sequence 
(common to all Alpujarride units), is given in the table 
in Fig. 2, together with the distinctive metamorphic 
assemblages of this event. The map and cross-sections in 
Fig. 2 show clearly the superposition of crustal sheets that 
formed under different metamorphic conditions, as the 
Alpujarride Complex displays upper and lower sheets, 
respectively, recording the highest and lowest pressures 
and temperatures. It should be noted that the meta- 
morphic record is similar for the Salobrefia and Adra 
sheets, which were differentiated onto structural criteria 
(Aldaya et al., 1979). These two sheets therefore represent 
different portions of the same crustal slab within the 
earliest nappe-stacking of the Alpujarride Complex, 
duplicated on a regional scale during the second nappe- 
forming event (Fig. 2). 

This pre-Miocene nappe stack was strongly thinned 
during the Alboran Basin Miocene rifting. Indeed, the 
geometric pattern of the Alpujarride units in the central 
Betics, with its characteristic lack of continuity (Figs 2 & 
3) is attributed to the interference of two brittle 
subperpendicular extensional fault systems (note hang- 
ing-wall movement sense along some of these faults in 
Fig. 3) that produced a chocolate tablet megastructure: 
(a) the Contraviesa normal fault system, Late Burdiga- 
lian and Langhian in age (Crespo-Blanc et al., 1994); and 
(b) the Filabres normal fault system, Serravallian in age 
(Garcia-Duefias et al., 1992). The Contraviesa exten- 
sional system has been defined south of Sierra Nevada, 
where a fan of listric faults with a NNW-ward transport 
sense sometimes showing high-extension geometries 
(Gibbs, 1984), separates the Alpujarride units (Crespo- 
Blanc et al., 1994). The large-scale geometry produced by 
this system can be seen in cross-section 1 of Fig. 2, in 
which the excision of some units towards the NNW is 
evident. This same cross-section illustrates how these 
faults draw an open kilometric-scale E-W-striking fold 
due to the Late Tortonian-Pliocene N-S compression. 
The Filabres extensional system shows a W to SW-ward 
transport movement sense, and its sole detachment, the 
Filabres detachment (Garcia-Dueiias and Martinez- 
Martinez, 1988) corresponds with the boundary between 
the Alpujarride and the Nevado-Filabride complexes. 
The fault geometry south of Sierra Nevada is illustrated 
in cross-section 2 of Fig. 2, with ENE-WSW orientation. 
The normal fault belonging to the Filabres system that 
bounds Sierra de Gador to the west (eastern part of cross- 
section 2) shows a flat-ramp geometry with an associated 
roll-over anticline. Towards the west of the same section, 
the excisions resulting from both the Contraviesa and the 

Filabres extensional systems cause the uppermost unit of 
the central Betics (Adra unit) to overlie the lowermost 
Alpujarride unit (Lujar-Gador unit). 

LITHOSTRATIGRAPHIC SEQUENCE OF THE 
ADRA EXTENSIONAL UNIT 

Detailed mapping of the Adra unit, and in particular in 
the vicinity of the towns of Adra, La Alcazaba and 
Melicena (Figs 335, respectively), shows that this unit, 
although strongly thinned, contains one of the most 
complete Alpujarride crustal-rock sequences available 
for study. It includes, from bottom to top (Fig. 6): (a) a 
dark-coloured metapelitic formation attributed to the 
Palaeozoic, made up of K-feldspar gneisses with musco- 
vite, sillimanite-bearing schists and garnet-staurolite- 
bearing schists; (b) a metapelitic-metapsammitic forma- 
tion, also attributed to the Palaeozoic, made up of biotitic 
light-coloured schists and quartzites; (c) a Permo-Triassic 
metapelitic formation made up of fine-grained chloritoid 
schists in which gypsum appears in the uppermost levels; 
and (d) a carbonate rock formation, Middle and Late 
Triassic in age (Braga and Martin, 1987 and references 
therein), made up of calcareous and dolomitic marbles. 
The maximum observed thickness of each formation of 
the metapelitic sequence is given in Fig. 6 (measured 
perpendicularly to the main foliation), whereas the 
maximum observed thickness of the carbonate rock 
formation is around 1300 m. The fine-grained schists 
have classically been called ‘phyllites’ elsewhere in the 
tectonic units of the Alpujarride Complex, but the HP- 
LT assemblages and associated relicts identified in these 
rocks (e.g. carpholite or kyanite, Goffi et al., 1989) make 
the term ‘fine-grained schists’ more accurate. 

SUPERPOSED STRUCTURES IN THE ADRA 
EXTENSIONAL UNIT 

The main structures recognized in the Adra unit are N- 
vergent F3 kilometric-scale folds affecting the S2 main 
metamorphic foliation. These folds are cut and/or tilted 
by Miocene extensional structures. Finally, all these 
structures are slightly undulated by E-W-striking kilo- 
metric-scale folds, Late Miocene in age. 

Di and D2 deformation phases 

The S2 main regional foliation is synmetamorphic and 
lies subparallel to the mineral zones (Figs 3-5). A 
previous S, foliation is recognizable only in small lens- 
shaped domains or as inclusions in porphyroblasts such 
as plagioclase or garnet (when present), in either the 
Palaeozoic or the Permo-Triassic rocks. Only small-scale 
isoclinal folds with the S, relict foliation or the S2 main 
foliation as the axial plane were observed; the vergence of 
F, or F2 folds has not yet been established. 
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Fig. 3. Geological map of part of the Contraviesa area, according to Aldaya et al. (1983a,b), modified. Names of units 
according to Azafion et al. (I 994). Serial cross-sections illustrate the relationship of the Adra unit with other Alpujarride units, 
and the internal structure of the latter. The southward dip of all the structures is due to Late Miocene open folds (SSE part of 

cross-section 1 of Fig. 2). 
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Fig. 4. Geological sketch map of Adra unit in La Alcazaba sector. Stereographic plot (Schmidt, lower-hemisphere): small 
circles, L2 mineral lineation or axes of F3 folds in biotitic schists; black circles, LZ mineral lineation or axes of F3 folds in garnet 
schists; open circles in .SPL2 plot, Sz pole. Measurements of stereographic plot 2 (axes of F, folds) pertain to a single station. 

An L2 mineral lineation lies within the S2 main 
foliation. In the light-coloured schists, this lineation is 
defined by slightly elongated aggregates of biotite, and 
quartz ribbons are particularly well developed in some of 
the quartzite levels characteristic of this formation (Fig. 
7a & a’). In the garnet schists, L2 is marked mainly by 
stretched pressure shadows around garnet porphyro- 
blasts, and by the preferred orientation of staurolite 
(Fig. 7b). 

The geometric distribution of S2-L2 fabrics is illu- 
strated in Figs 4 and 5 (S2-L2 stereoplot). SZ dips towards 
the SSE, and within the S, plane the L2 mineral lineation 
varies from N-S to ENE-WSW, with no well-established 
maximum. Variation such as this could result from: (a) 
shearing heterogeneities within the main foliation plane 
during L2 development; (b) L2 reorientation within the S2 
plane during O3 deformation; and/or (c) S2 orientation 

variation caused by D3 folding or tilting, owing to 
extensional faults (observe that the S2 plane distribution 
shows the same directional variation as L2). The L2 
distribution is similar throughout the metapelitic 
sequence, from the biotitic schists (small circles in the 
stereoplots of Figs 4 & 5) through the garnet schists 
(black circles in the stereoplots of Figs 4 & 5) to the 
sillimanite schists (squares in the stereoplot of Fig. 5). 
Kinematic criteria along this lineation are scarce, with the 
few observed asymmetric structures such as pressure 
shadows around porphyroblasts showing a top-to-the-N 
or -ENE transport sense. 

Da defamation phase: N-vergent large-scale folding 

The main structures recognized in the Adra unit are 
kilometric-scale F3 folds that affect the S2 main foliation 
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Fig. 5. Geological sketch map of Adra unit in Melicena sector. Stereographic plot (Schmidt, lower-hemisphere): open circles 
in S2-L2 plot, & pole; crosses, axes of 4 folds in fine-grained schists; small circles, L2 mineral lineation or axes of F3 folds in 
biotitic schists; black circles, L2 mineral lineation or axes of Fs folds in garnet schists; squares, L2 mineral lineation or axes of F3 

folds in sillimanite schists. 

and the subparallel mineral zones and lithological 
sequence (Figs 3-5). Small-scale folds associated with 
the main structures are mainly chevron-type (Fig. 7c) and 
fold the L2 mineral lineation associated with the S, main 
foliation (Fig. 7a). 

An F3 anticline structure can be distinguished in the 
Melicena sector, although its limbs are extremely thinned 
by brittle normal faults (Fig. 5). The core of this anticline 
is occupied by sillimanite schists. Cross-sections 1 and 2 
(Fig. 3), respectively, show the northward vergence and 
the inverted limb of a syncline whose core is occupied by 
the carbonate rocks in Sierra Alhamedilla and the fine- 
grained schists north of Adra. The carbonate rocks and 
fine-grained schists that overlie the Adra unit (cross- 
section 1) can be considered a duplication caused by this 
folding event, and then cut off by a brittle extensional 
fault. Below the main syncline axial plane some inver- 
sions of the sequence, and the subsequent repetitions of 
biotitic light-coloured schists within garnet-bearing dark 
schists, are observed, cut by brittle normal faults (Fig. 4). 
Although the repetitions within this sector were pre- 
viously attributed to a NE thrusting along ductile thrust 
zones located at the bottom of the garnet schists (Cuevas 
et al., 1986, 1990; Cuevas and Tubia, 1990; Cuevas, 1991; 
Tubia et al., 1992), our Fig. 4 illustrates that the 
boundary between the biotitic schists and the garnet 

schists is either lithological (normal or reversed limbs of 
F3 folds) or corresponds to brittle normal faults. 

The S3 crenulation cleavage is pervasive only in the 
hinge zones of small-scale folds and generally dips steeply 
towards the S or SSE (Fig. 7~). The fold axes of small- 
scale F3 folds show an E-W maximum (Fig. 3, and 
stereoplots in Figs 4 & 5) with a variable plunge within 
the same axial plane (see, for example, a single station of 
fold axis measurements in stereoplot 2 of Fig. 4). In the 
Melicena sector, the F3 fold axes are subhorizontal and 
vary from NE-SW to SE-NW (Fig. 5). The lithological 
levels at which the fold axes were measured are high- 
lighted in stereoplots 1 and 2 (Fig. 5). They show the same 
distribution throughout the metapelitic sequence. 

D4 deformation phase: Miocene extensional structures 

At least three Miocene extensional episodes can be 
distinguished in the Adra unit. The first of them 
comprises an extensional crenulation cleavage (Platt 
and Vissers, 1980) (Fig. 7d) with consistent N to NE- 
ward hanging-wall movement (Cuevas et al., 1986) 
that cuts the small-scale folds associated with the F3 
kilometric-scale folds (Fig. 7e). These brittle-ductile 
structures may be related either to one of the pre-upper 
Burdigalian extensional episodes described by Garcia- 
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Fig. 6. Lithological sequence and metamorphic zonation of the Adra unit. The thicknesses of the sillimanite schists (70 m) and 
the gneisses (15 m) have been exaggerated for the sake ofclarity. Metamorphic mineral zones and mineral growth chronology 

relative to the main foliation (&) are indicated. 

Duefias et al. (1992) or to an early episode of the 
Contraviesa extensional system, whose NNW-ward 
low-angle normal faults cut these structures. A remark- 
able fault set belonging to this system, Late Burdigalian 
and Langhian in age (Crespo-Blanc et al., 1994) can be 
seen in Fig. 7(f). The main foliation is tilted by this fault 
set, which marks the boundary between the biotite schists 
(on top) and the garnet schists (on the bottom) near the 
village of La Alcazaba (Fig. 4). In addition, the axial 
plane of the Sierra Alhamedilla syncline is cut by a 
normal fault of the Contraviesa system that provokes 
excision towards the north (cross-section 1 of Fig. 3) 
while in the La Alcazaba sector a normal fault cuts the 
boundary between the garnet schists and light-coloured 
schists, northwardly displacing this marker (Fig. 4). 
Finally, normal faults with a W to SW-ward hanging 
wall movement, which probably belong to the Filabres 

extensional system, Serravallian in age (Garcia-Duefias 
et al., 1992) contribute to the drastic thinning of the 
lithological sequence of the Adra unit. The high density 
of faults belonging to both these systems, together with a 
number of high-dipping normal faults that run along the 
coastline (not represented in Fig. 5) allow us to denote the 
Melicena sector, as a whole, as a fault zone (Fig. 5). 

METAMORPHIC CONDITIONS OF THE ADRA 
EXTENSIONAL UNIT DURING D, TO D3 

DEFORMATION PHASES 

The mineral assemblages representative of the meta- 
pelitic and/or metapsammitic formations of the Adra 
extensional unit are illustrated in Fig. 6. The meta- 
morphic mineral zones trend parallel to the S, main 

Fig. 7. (a) Small-scale F3 fold marked by the S, main foliation plane, in the light-coloured schists. (a’) Detail of the limb of the fold, in which the LZ 
mineral lineation can be observed (Adra unit, La Alcazaba sector). (b) Lz mineral lineation on the main foliation plane in the garnet schists (Adra 
unit, La Alcazaba sector). (c) Small-scale F3 folds in the biotitic schists (Adra unit, Melicena sector). Observe the N vergence of the fold (north to the 
left of the photograph). (d) Extensional crenulation cleavage affecting the garnet schists (Adra unit, La Alcazaba sector). The NE is to the left of the 
photograph. The southward dipping of the main foliation and the c plane is due to Late Miocene open folds. (e) Small-scale F3 folds (at the bottom 
of the photograph) cut by the c plane of the extensional crenulation cleavage (Adra unit, La Alcazaba sector). The NE is to the right of the 
photograph. (f) Faults belonging to the Contraviesa normal fault system, with a northward hanging-wall movement (towards the left of the 
photograph). This fault zone corresponds with the boundary between the biotite schists (on top) and the garnet schists (on bottom) of the Adra unit. 

The southward dip of these normal faults is due to Late Miocene open folds. 
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Fig. 8. P-Tconditions reached during metamorphic evolution in selected levels of the Adra unit. A fields, fine-grained schists; 
B fields, bottom of the fine-grained schists; C fields, upper part of the garnet schists; D fields, K-feldspar gneisses. Reaction list 
(assemblages on the right are stable at high temperature): (1) Ctd + Qz = Alm + Ky + W; (2) Ctd + Qz = St + Grt + W; (3) 
Ctd + And = St + Qz + W. Abbreviations: Aim, almandine; And, andalusite; Bt, biotite; Cph, carpholite; Chl, chloritoid; Crd, 
cordierite; Ctd, chloritoid; Grt, garnet; Kfs, K-feldspar; Ky, kyanite; MS, muscovite; Pl, plagioclase; Prl, pyrophyllite; Qz, 

quartz; Sil, sillimanite; St, staurolite; Sud, sudoite; W, water. 
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regional foliation and the lithological formations, and 
the metamorphic grade increases downward in the 
sequence. The P-T conditions reached during the 
metamorphic evolution of selected formations of the 
lithological sequence are shown in Fig. 8. 

In the fine-grained chloritoid schists, high-pressure 
relicts include pre-Sz carpholite, generally pseudo- 
morphed (Fig. 6). The average composition of carpholite 
in the Alpujarride Complex is Xrvrs = 0.7 (Azafion, 1994), 
for which the stability field supports a minimum pressure 
of 7.5 kbar (Vidal et al., 1992) (field Al of Fig. 8). After 
the breakdown of carpholite, the pyrophyllite, chloritoid, 
chlorite and white mica grow during & development 
(field A2). Kyanite was observed only at the bottom of 
the fine-grained schist formation, in the Melicena sector 
(Fig. 6). In these rocks, where pyrophyllite, kyanite and 
chloritoid coexist, the metamorphic peak reached 
approximately 430°C (univariant reaction 
Prl = Ky + Qz + W, see Fig. 8 for mineral abbreviations) 
at a minimum pressure of 8 kbar (X,, chloritoid = 0.34 
(Azafion, 1994), which constrains the situation of 
reaction Ctd+Qz=Ky+Chl+ W according to Vidal et 
al., 1992) (field Bl). Kyanite crystallizes throughout the 

evolution of these rocks, that is, from a pre-S2 stage until 
a post-E’s stage (fields Bl and B2). During the develop- 
ment of the crenulation folds associated with the D3 

deformation phase, a pressure-solution cleavage devel- 
oped (Fig. 7g). White mica recrystallizes only partially as 
it can be observed in the form of crystals parallel to the F3 

fold axial plane or folded by F3 folds. 
The light-coloured biotitic schists are characterized by 

the presence of both chloritoid and pre- to syn-& kyanite 
(Fig. 6). Biotite and white micas mark the S2 main 
foliation. White micas and chloritoids appear to be 
folded by F3 crenulation folds, while biotite is misor- 
iented and seals these folds (Fig. 7h). When kyanite is not 
broken down it appears folded. Porphyroblasts of 
andalusite crystallize overprinting F3 crenulation folds 
that are sometimes associated with tension veins perpen- 
dicular with the fold axes (Fig. 7i & i’). At the bottom of 
the biotitic schist formation, staurolite-rich levels with 
chloritoid are frequent. These two minerals, which are 
syn- to post-kinematic with respect to S,, can coexist in a 
temperature range between 450 and 550°C (i.e. appear- 
ance of staurolite and breakdown of chloritoid; Spear 
and Cheney, 1989). Staurolite also grew post-kinemati- 

Fig. 7. (g) 5s pressure-solution cleavage developed in the fine-grained schists (Adra unit, Adra sector). (h) Fs crenulation folds in the light-coloured 
biotitic schists. Note how white micas and chloritoids are folded, while biotite is misoriented (Adra unit, Adra sector). (i) Tension veins 
perpendicular to Fs fold axes in the biotitic schists. (i’) Porphyroblasts of andalusite (And) crystallized in these veins (Adra unit, La Alcazaba sector). 
fj) Growth of staurolite (St) syn- and post-kinematically with respect to Sz, and breakdown of kyanite (Ky) (Adra unit, La Alcazaba sector). (k) 

Staurolite (St) sealing the Fs folds in the transitional levels between the biotitic schists and the garnet schists (Adra unit, La Alcazaba sector). 
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tally with respect to F3 crenulation (Fig. 7k), which 
shows that in these rocks the F3 folds developed under 
even higher temperatures ( > 450°C). 

The mineral associations in the garnet-bearing 
dark schists include garnet-kyanite-andalusite-stauro- 
lite-phengite-biotite-rutile-ilmenite-quartz f chloritoid 
(Fig. 6). Textural relationships show that kyanite and 
garnet are mainly pre-Sz and are partially or totally 
transformed into staurolite. Geothermobarometers 
(GARM and GRAIL) applied to samples from the 
upper part of the garnet-bearing formation (field Cl, 
Fig. 8) gave a P-T range of 9.5-l 1 kbar for 54&600°C 
(Azaiion et al., 1996). These would constitute the 
minimum P-T conditions for the prograde path. The 
next stage of evolution is recorded by the growth of 
staurolite, syn- and post-kinematically with respect to &, 
during the breakdown of garnet and kyanite (Fig. 7j, 
Grt + Ky+ W = St+Qz reaction in Fig. 8). Finally, 
andalusite and staurolite overprint the F3 crenulation 
(field C2 in Fig. 8). 

The next metamorphic zone encountered downwards 
in the lithological sequence lies within the dark schist 
formation and is marked by the first appearance of 
sillimanite, syn- to post-kinematic with respect to S,, and 
the breakdown of staurolite (disappearance of staurolite 
within the sillimanite field between 600 and 650°C; 
Brown et al., 1988). Fibrolite crystallizes along the axial 
plane of F3 folds, thus indicating that F3 folds developed 
above 600°C in these rocks. Scattered outcrops of K- 
feldspar gneisses appear at the bottom of the sillimanite 
schists (Fig. 5). Muscovite, biotite, garnet, quartz, 
sillimanite, plagioclase and K-feldspar are the main 
minerals forming these rocks (Fig. 6). Sillimanite crystal- 
lizes during the development of the main foliation and 
that of the F3 folds. K-feldspar crystallizes during S2 
(field Dl in Fig. 8) and muscovite during F3 development 
(field D2): between phases O2 and D3, a drop in both 
temperature and pressure causes the reaction 
Ms+Pl+ Qz=Kfs+Sil+ W to be crossed by the P-T 
path (Fig. 8). The fact that cordierite was not observed in 
these rocks indicates that both fields are bounded by the 
reaction Gr + Sil + Qz = Cd. 

TECTONO-METAMORPHIC EVOLUTION OF 
THE ADRA UNIT 

High-pressure-low-temperature metamorphic relicts 

There is evidence of a high-pressure-low-temperature 
episode within different formations of the metapelitic 
sequence of the Adra unit. P-T conditions of 8 kbar 
(minimum pressure) at 430°C (maximum temperature) 
and = 10 kbar at 570°C are, respectively, registered in 
the fine-grained schists and in the upper part of the garnet 
schists of the Adra lithostratigraphic sequence (Fig. 8). 
The pressure and temperature difference between the 
Permo-Triassic fine-grained schists and the Palaeozoic 

schists could be an inherited feature from the over- 
burdening of the metapelitic sequence while it occupied 
a supposedly normal position during the HP-LT event. 
Assuming an average density of 2.8 g/cm3 for the mid to 
upper crustal rocks, a metamorphic field geothermal 
gradient of = 17”C/km is deduced from these P-T 
conditions. This gradient is similar to that obtained in 
other Alpine-type collisional belts (Platt, 1993). 

Isothermalpressure decrease during the development of’the 

S2 main,foliation 

The high-pressure event was followed by an almost 

isothermal pressure decrease during which the SZ main 
foliation developed (Fig. 8). The magnitude of the 
pressure decrease was at least 6.5 kbar in the upper part 
of the garnet schists of the Adra unit (for a temperature 
decrease of only =6O”C), meaning that a minimum of 
23 km of rocks were unroofed (average rock density of 
2.8 g/cm3) during the drop in pressure. 

Such P-T paths are characteristic of rapidly uplifted 
rocks (Thompson and Ridley, 1987; Ruppel et al., 1988; 
Ruppel and Hodges, 1994), as slowly uplifted rocks, that 
is at a rate of less than 1 mm/year, would experience 
heating (greater initial contribution of radioactive heat- 
ing compared with cooling due to advection; England 
and Richardson, 1977; England and Thompson, 1984). 
Drastic drops in pressure, like the one observed here, are 
therefore generally associated with rock exhumation 
during extensional tectonics (e.g. Albarede, 1976; Gillet 
et al., 1984; and, in particular, Selverstone, 1985). 

At present, the Adra unit shows a condensed meta- 
morphic sequence in the sense that between the top of the 
garnet schists and the top of the fine-grained schists-a 
span of 1.5 km measured perpendicular to the main 
foliation-there is a temperature difference of up to 
150°C during the high-pressure episode. Likewise, 

between the bottom and the top of the exposed pile of 
the metapelitic sequence (a maximum of 3.5 km mea- 
sured perpendicular to the main foliation, Fig. 6) the 
temperature difference is as high as 300°C (Fig. 8). The 
fact that the metamorphic zones are condensed and lie 
subparallel with the S2 main foliation means that a strong 
shortening perpendicular to S, took place during its 
development. As S2 is flat-lying when not affected by later 
deformations (F3 folds, tilting due to Miocene low-angle 
normal faults or E-W-striking kilometric-scale folds) this 
ductile thinning would be vertical. Similar results have 
been obtained in the western Betics by Balanya et ul. 

(1993, 1991), who provide ample evidence of condensed 
metamorphic zoning subparallel to a flat-lying main 
foliation developed during an isothermal pressure 
decrease, in an Alpujarride unit directly overlying the 
Ronda peridotites (Fig. 1). 

In consequence, the nearly isothermal pressure 
decrease during the S, main foliation development, 
which is associated with the condensing of the meta- 
morphic mineral zones (even if the Miocene brittle 
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extensional event also contributed to the proximity of 
these zones), considered in conjunction with the vertical 
shortening that provoked the subparallelism between the 
mineral zones, the main foliation and the lithological 
sequence, suggest that the & main foliation developed 
during a crustal thinning associated with rock exhuma- 
tion. Along the S2 foliation plane an approximately NE- 
SW-directed mineral lineation developed. The movement 
along this lineation, well documented by Cuevas and 
Tubia (1990), was confirmed by our field data. The quartz 
c-axis fabrics described by Cuevas and Tubia (1990) were 
found to feature asymmetric girdles showing NE-ward 
hanging-wall movement along the lineation. 

N-vergent folding 

The next event is registered by F3 N-vergent folds 
marked by the condensed metamorphic and lithological 
sequence of the Adra unit. The metamorphic conditions 
prevailing while these folds formed are of the low P-T 
ratio type, and vary depending on the level considered 
within the metapelitic sequence. They coincide with the 
P-Tconditions at the end of the decompression path, and 
no pressure increase due to loading during the fold 
formation was registered. In the fine-grained schist 
formation an Ss pressure-solution cleavage developed 
(Fig. 7g), simultaneous with the appearance of post-& 
staurolite and andalusite in the upper part of the garnet 
schists ( zz 3 kbar at 5OO”C, Fig. 7i & j & Fig. 8, 
respectively). This suggests that: (1) within the metape- 
litic succession, despite the proximity of the metamorphic 
zones that had different P-T conditions at the end of the 
decompression path, no temperature equilibrium within 
the whole pile occurred before the D3 compressive event; 
and (2) Dj deformation was so fast (or heat flow so slow) 
that isotherms did not transect the folded structures. 

Low-angle normalfault systems 

The thinned lithological sequence of the Adra unit, 
folded during D3, was then overprinted by an extensional 
crenulation cleavage and the action of low-angle normal 
fault systems, in turn associated with the Miocene rifting 
during which the Alboran Sea formed (Comas et al., 
1992; Garcia-Duefias et al., 1992). The excisions resulting 
from the activity of these extensional systems explain the 
surprising vicinity of the fine-grained schists and the 
sillimanite schists in the Melicena sector (less than 500 m 
measured perpendicular to the & main foliation, Fig. 5), 
although the ductile crustal thinning during 02 deforma- 
tion also contributes to this phenomenon. 

TECTONIC EVENTS IN THE ALPUJARRIDE 
COMPLEX: A PROPOSAL 

The tectono-metamorphic evolution of the Adra 
extensional unit, which includes an alternation of 

compressional and extensional events, is common to the 
whole Alpujarride Complex. We are thus far able to 
establish three tectonic events that preceded the Miocene 
rifting of the Alboran Domain. 

Di: first thickening event 

Rocks with high-pressure relicts, suggesting that they 
were buried at considerable depth during a crustal 
thickening event (England and Thompson, 1984), have 
been found in each of the Alpujarride units throughout 
the Betics (e.g. Bakker et al., 1989; Gaffe et al., 1989; 
Tubia and Gil-Ibarguchi, 1991; Azaiion et al., 1994). 
These relicts demonstrate that the entire Alpujarride 
Complex was involved in an initial thickening event. This 
crustal thickening occurred in a continental collisional 
setting during the Alpine orogeny, as Permo-Triassic 
rocks are affected by the HP-LT metamorphism and no 
oceanic rocks are involved in the process. The differences 
in P-T conditions among the different Alpujarride units, 
as registered in the Permo-Triassic rocks (Table of Fig. 
2), reflect the depth of each unit within this first stack pile. 

Dz: first thinning and associated vertical shortening event 

Despite the differences in metamorphic conditions 
during the high PIT ratio peak, the P-T paths of the 
Alpujarride units in the central and western Betics show 
an almost isothermal drop in pressure (minimum 
decrease of 4 kbar) at the time of the main blastesis 
(Bakker et al., 1989; Tubia and Gil-Ibarguchi, 1991; 
Azaiion et al., 1992, 1996, in press; Balanya et al., 1993; 
Garcia-Casco et al., 1993; Soto and Azaiion, 1994; 
Azaiion and Alonso-Chaves, 1996; Garcia-Casco and 
Torres-Roldan, 1996). For example, the paths illustrated 
in Fig. 9 correspond to the mineral associations observed 
in the uppermost levels of the metapelitic formation of 
selected Alpujarride extensional units south of Sierra 
Nevada. If, indeed, the development of the main regional 
foliation during this drop in pressure is a feature common 
to the entire Alpujarride Complex, the main foliation 
could be interpreted as an extensional fabric formed 
during a crustal thinning associated with vertical short- 
ening. The crustal thinning itself could represent the first 
collapse of a previously thickened crust, involving the 
whole Alpujarride Complex. 

D3: second thickening event (folding and nappe-forming 
event) 

The N-vergent kilometric-scale folds affecting the 
extensional main foliation and the lithological sequence 
are not limited to the Adra unit, having been observed 
elsewhere among the Alpujarride units of the central 
Betics (Avidad and Garcia-Dueiias, 1981; Balanya et al., 
1987; Simancas and Campos, 1993; Azaiion and Alonso- 
Chaves, 1996; Azaiion et al., 1996). Folds of this type 
south of Sierra Nevada are illustrated in Fig. 3. Cross- 
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Fig, 9. P-Tpath observed in the uppermost level of the Permo-Triassic 
formation of each of the tectonic units south of Sierra Nevada, 
according to Aza%n (1994). L, Ltijar-GCdor; E, Escalate; H, Herra- 

dura; S, Salobreiia; A, Adra. 

sections 3 and 4 clearly illustrate synclines with carbonate 
rock cores inside Alpujarride units other than the Adra 
unit. Each of these synclines has a short reversed limb, 
and anticlines or large inversed limbs are scarcely 
observed. 

Folds can originate not only from crustal contraction, 
but also from extension. For example, recumbent folds 
formed by ductile horizontal crustal extension affecting 
rocks with an initially steep layering or anisotropy, in 
such a way that the marker is shortened and folded, have 
been described in the Alps (Froitzheim, 1992) and in the 
Himalayas (Burg et al., 1996). Nonetheless, it is unlikely 
that this mechanism was responsible for the development 
of the F3 folds we observed in the Alpujarride units, as the 
S2 main foliation was probably flat-lying at the end of the 
vertical shortening associated with the thinning event. 
Moreover, the F3 folds cannot be produced by the 
extensional shearing of markers initially oblique to the 
shear plane (‘al-type folds of Malavielle, 1987) because 
they are not restricted to shear zones. Thus, the N- 
vergent recumbent folds observed in the Alpujarride 
units must have been produced by a N-S crustal short- 
ening event. This compressive event is probably related 
with the thrusting and nappe-forming event during 
which, in the Alpujarride Complex, thinned crustal 
sheets of high-pressure-high-temperature rocks were 
emplaced over less metamorphosed ones (Fig. 2). Inver- 
sions of the lithological sequence within the Alpujarride 
units are scarce, as the column is generally situated right- 
side up. No tectonic boundary between units or within 
them could have been unquestionably related to thrusts 
and nappes because most of the observed contacts are 
now brittle extensional faults. Notwithstanding, if they 

were associated with the N-vergent folds the nappe- 
related thrusts would most probably show northward 
transport. 

Dh: Miocene rifting event 

The Miocene rifting of the Alboran Domain is well 
documented, the oldest synrift deposits determined to be 
Upper Oligocene and Lower Miocene in age (Durand- 
Delga et al., 1993). This rifting has been divided into 
successive extensional episodes with different transport 
directions. Their interference pattern and resulting 
geometry are presented in detail on-shore by Garcia- 
Duefias et al. (1992), and offshore by Comas et al. (1992). 
The rifting event is associated with the extensional 
collapse of the Betics (Platt and Vissers, 1989; Garcia- 
Duefias et al., 1992); it must be stressed, however, that 
what is involved here is the second collapse observed in 
this cordillera. Finally, the Alboran region underwent N- 
S to NW-SE compression from late Tortonian to the 
Pliocene. 

DISCUSSION 

The proposed tectono-metamorphic evolution of the 
Alpujarride Complex includes an alternation of contrac- 
tional and extensional events, and is based on classical 
arguments regarding the superposition of structures; the 
relative age of each event recorded by the superposition 
of the observed structures is well constrained within the 
Adra unit at least (see also Balanya et al., 1997). 

The evolution we have described strongly contrasts 
with the interpretations contained in previous studies, in 
particular those of Tubia et al. (1992) and Vissers et al. 
(1995). Tubia et al. (1992) present a two-fold evolution of 
the Alpujarride Complex that includes ductile thrusting 
towards the NE related to the regional metamorphism of 
the Alpujarride nappes, and northward brittle-ductile 
post-metamorphic shearing that led to the thinning of the 
crust thickened during the previous episode. Vissers et al. 
(1995) claim that the Alpujarride Complex as a whole 
underwent early medium to high P/T ratio meta- 
morphism followed by decompression at a constant or 
rising temperature, resulting in an overall upward 
decrease in metamorphic grade across the Alpujarride 
Complex (see fig. 2 in Vissers et al., 1995). Both these 
interpretations appear oversimplified in the context of 
our data. While it is true that each Alpujarride unit 
records a high-pressure event followed by an almost 
isothermal pressure decrease (Fig. 9) neither of the 
aforementioned models explains the existence of the 
superpositions of crustal slabs originated under different 
metamorphic conditions (Fig. 2). 

The absolute age of each event is now an important 
open question. Five groups of data may hold the answer. 

(1) The Cretaceous age of metasedimentary rocks 
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belonging to the upper tectonic units of the Nevado- 
Filabride Complex (Aptian to Turonian; Tender0 et al., 

1993), with an evolution similar to that of the Alpujarride 
Complex (see the section on ‘Geological Setting’). 

(2) An 40Ar/39Ar age of 48-50 Ma for a barroisite also 
belonging to the upper tectonic units of the Nevado- 
Filabride Complex, which has been interpreted as the 
minimum age of eclogitic and blue schist metamorphism 
by MoniC et al. (1991). In fact, Soto (1991) reports the 
growth of barroisite under already decreasing pressure 
subsequent to the HP-LT metamorphism. 

(3) The sedimentary infilling of the Malaguide 
Complex (e.g. Martin-Algarra, 1987; Lonergan and 
Mange-Rajetzky, 1994), which had a passive role as 
load during the Betic-Rif erogenic evolution (see the 
section on ‘Geological Setting’). 

(4) The age of the oldest synrift deposits related with 
the Alboran Sea opening, Upper Oligocene and Lower 
Miocene in age (Bourgois, 1978; Jurado and Comas, 
1992; Durand-Delga et al., 1993). 

(5) A cluster in the 19-20 Ma range found among 
40Ar/39Ar ages (Monit et al., 1991, 1994; Zeck et al., 1992 
and references therein). 

We therefore suggest that the HP-LT metamorphism 
related to the first contractional event could have taken 
place during Late Cretaceous or Paleocene times. The 
northeasterly motion of Africa relative to Europe (e.g. 
Dewey et al., 1989) suggests that continental collision was 
also underway at that time. However, subduction 
vergence cannot be deduced from our field data, as no 
main structures associated with the crustal thickening 
were observed. Upper Cretaceous shallow marine depos- 
its and Paleocene emergence evidenced from the Mala- 
guide cover (Martin-Algarra, 1987; Lonergan and 
Mange-Rajetzky, 1994) are compatible with the tentative 
age assigned to the DI first thickening event. Likewise, 
Lower to Middle Eocene marine transgression in the 
Malaguide cover (Martin-Algarra, 1987; Lonergan and 
Mange-Rajetzky, 1994) most probably reflects the D2 
early extension stage related to isothermal decompres- 
sion recorded in the Alpujarride Complex. This age is 
consistent with the 48-50 Ma barroisite mentioned ear- 

lier. The 03 second contraction event (recumbent folding 
and nappe forming) was previous to the Late Oligocene, 
as the folds and nappes are cut by the low-angle normal 
faults related to the Miocene rifting of the Alboran Basin. 
We propose a tentative Late Eocene-Early Oligocene age 
for this event, bearing in mind the N-S convergence of 
Africa and Europe (Dewey et al., 1989), as well as the 
sedimentary unconformities over the Malaguide Com- 
plex (Upper Eocene unconformity, Oligocene emergence 
and Upper Oligocene transgression; Martin-Algarra, 
1987). Rifting and progressive exhumation of the 
Alboran Domain tectonic units occurred during the 
Miocene (04 event). The directions of extension of the 
successive systems associated with the rifting show no 
direct relationship to the overall relative N-S-directed 

motion of the African and Eurasian plates. The final 
cooling of the exhumed rocks occurred at 19-20 Ma, 
while the rifting proceeded until the end of the Serra- 
vallian. Finally, in the Late Tortonian, this convergence 
produced a generalized folding of the Miocene exten- 
sional detachments, followed by strike-slip faulting, 
folding and extension. 

It is beyond the scope of this paper to propose a 
geodynamic model that could explain the remarkable 
alternation of compressive and contractive events 
throughout the Alpujarride Complex. Nonetheless, the 
conclusions we have drawn concerning the evolution of 
this Complex, and their coherent extrapolation to the 
Betics as a whole, are constraints that should be taken 
into account by models proposed in the future. 
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